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Abstract. Measuring the dynamic behaviour of a structure made from light thin steel sheets 
becomes arduous as a result of the double impact, local modes and mass loading issues which lead 
to inaccurate results. In addition, the attachments of accelerometers, selection of suspension types 
and methods of excitation adopted to the measurement greatly affect the quality of the 
experimental results. The aim of this paper is to present  detailed procedure for the experimental 
setup of a welded structure made from thin steel sheets. A hat shaped plate and flat plate connected 
together by several laser spot welds were used for the demonstration of the experimental modal 
analysis. The laser spot welded hat-plate structure was tested under free-free boundary conditions 
using impact testing with roving accelerometers and an LMS Test Lab. This work revealed that the 
proper procedures used for the experimental setup would help dynamicists enhance and improve 
the quality of the measured results of frequency response function and the results could be 
confidently used for the validation purposes and updating analytical models.  
  
1. Introduction 
The experimental modal analysis (EMA) has been used for decades by researchers [1-5] to measure the 
dynamic behaviour of physical test structures. The dynamic behaviour is characterised in terms of natural 
frequencies and mode shapes of the structures [6]. EMA has helped the researchers to understand 
experimentally the global behaviour of the structures. Nevertheless, the behaviour of the structures can 
also be determined using the finite element (FE) method introduced by [7]. The FE method which is one 
of the most powerful numerical methods requires relatively high-speed computers to solve the 
engineering problems without using the physical structure [8]. Although solving engineering problems 
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using the FE method, which is highly dependent on valid assumptions about model properties provided 
by the researchers, is faster than EMA, but the test results obtained from EMA are more reliable than 
those calculated from the finite element method. However, due to improper techniques of EMA 
procedure, the measured data is inaccurate and may not represent the real behaviour of the structure [9].  
 In the automotive industry, the assembled structures are made from thin steel sheets and connected 
with a thousand numbers of joints [10-11]. Complex structure with a large number of joints can exhibit a 
local behaviour that is difficult to accurately measure in the experimental modal analysis. Furthermore, 
EMA has the problems in deciding the measurement points, excitation point and boundary conditions. 
Hence, the right guideline on the experimental procedure is needed to make sure the measurement data is 
valid. Accurate EMA data is important to validate the prediction data analysed by finite element software. 
Numerous research work [12-17] have used EMA data to validate and improve their finite element model 
close to the measured one. For instance, [18-19] used experimental data to validate the reduce order finite 
element model of a jointed structure. EMA also used for damage detection on the structure as mentioned 
by [20-22]. However, no research work presents the guidelines for the experimental procedure for a 
welded structure made from thin steel sheets.  
 
2. Experimental Set Up of Hat-Plate Structure 
In this study, the experimental modal analysis was performed on the hat plate laser spot welded structure 
with a nominal thickness of 1.5 mm. The schematic diagram of the experimental modal analysis set-up is 
shown in Figure 1. The structure was discretized into several small squared segments. The purpose of the 
discretization was to have the appropriate number of the locations of measuring points. The determination 
of the number of the segments was carried out with the guidance from the results of modal parameters of 
the structure obtained from the finite element analysis. To simulate free boundary conditions, rubber 
bands and strings were used.   
 
 
Figure 1: Experimental setup of laser spot welded hat-plate structure 
 
Prior to performing the experimental work, several factors related to the experiments such as the 
number of accelerometers and measurement points and excitation methods should be considered. In this 
study, the initial prediction of the dynamic properties of the structure firstly performed to the test physical 
structure. Furthermore, the calculated natural frequencies and mode shapes of the structure were then used 
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for the selection of the excitation points and the locations of measurement points of the physical test 
structure. The frequency bandwidth of interest was within 0 to 900Hz. 
In the experimental work, an impact hammer and roving accelerometers were used to measure the 
dynamic behaviour of the physical test structure. A total of three accelerometers was used with one was 
fixed at the excitation point and the other two were roved to all measurement points. 
 
2.1 Measurement Points 
The number and location of points to be used for the measurement of the dynamic behaviour of a 
structure must be carefully considered and selected. The total number of the measurement points should 
appropriately be calculated prior to carrying out tests. The smaller the number of measurement points 
used in the tests, the lower the quality of the mode shapes of the structure measured.  Meanwhile, the 
larger the number of measurement points, the longer the time required for the measurement of the mode 
shapes. In this regard, the best way is to use the initial FE results for guidance. This is because FE results 
give an initial overview of the dynamic behaviour of the structure under study.  
Furthermore, the distribution and the size of discretization of the measurement points must be equally 
spread throughout the structure. This will result in a suitable mesh for the mode visualization and also can 
prevent losing any modes of interest under study. The number of accelerometers used in the experimental 
measurement must be carefully considered. A large number of accelerometers will increase the amount of 
mass of the structure and will change the local stiffness of the structure especially for thin steel sheets 
structure. Therefore, [23] suggested making sure that the total mass of accelerometers must not exceed 10 
per cent of the weight of the structure. 
In this experiment, one fixed and two roving accelerometers were used in the measurement of the 
dynamic behaviour of the hat plate spot welded structure. The mass of one accelerometer used in the test 
was 1.5 grams while the total mass of the assembled structure was 1776 grams. Hence, the total mass of 
the accelerometers calculated clearly does not give any mass loading issues. 
 
2.2 Selection of suspensions 
To accurately generate the experimental frequency response function (FRF) required to fathom out the 
modal parameters which are the natural frequencies and mode shapes of a structure. The structure must be 
tested under free-free boundary conditions. In this work, the test on the hat-plate laser spot welded 
structure was conducted by suspending the structure via four rubber bands and nylon strings as shown in 
Figure 1. The main reason the test was conducted in that particular set up is to remove the influence of 
boundary conditions from the test. This is because it is very difficult to incorporate experimental 
boundary conditions into analytical models. The difficulties have given impetus to researchers to 
investigate the dynamic behaviour of structures under free-free boundary conditions. The effects of the 
using of support conditions for free boundary conditions to ensure the accuracy of the measured results 
were thoroughly discussed  [24]–[26].  
Free-free boundary conditions do not mean that the structure under tests was completely not being 
supported by something, but it was sufficient to demonstrate that the structure can move freely within a 
certain period of time while impact testing was being performed. In addition, the values of rigid body 
modes measured must be 0 Hz or at least less than 1 Hz. However, the rigid body modes that were much 
lower than the first elastic mode have an insignificant effect on the accuracy of the measured results. In 
this regard, the rule of thumb that can be applied and has been proposed by [27], the highest value of rigid 
body modes must be less than 10 per cent of the first frequency of elastic mode. 
In order to simulate a structure in free-free boundary conditions, the structure can be suspended from 
very soft elastic cords, springs with rubber bands or placed on a very soft cushion. Meanwhile, the 
selection of suspensions is based on the weight of the structure. In this experiment, four strings and rubber 
bands were used to simulate a free-free configuration. The selection of the rubber bands was made based 
on the weight of the laser spot welded hat-plate structure so that the structure can move freely when a 
force excitation is given. The method of suspending the hat-plate structure is shown in Figure 2. 
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Figure 2: The structure is suspended using rubber bands and strings 
 
2.3 Methods of excitation 
Excitation methods can be categorised by using shakers or impact testing. In the spectral testing method, 
a shaker is connected to the structure and the shaker provides the necessary excitation force which is 
based on the specified input voltage. There are three different types of signal inputs produced by shakers 
such as sinusoidal, random and periodic. There are two main types of shakers that are commonly used by 
researchers. They are electromagnetic and electro-hydraulic shakers. For the electromagnetic shaker, the 
force is generated by an alternating current that drives a magnetic coil. The limit of the frequency of the 
shaker depends on the size of the shaker. On the hydraulic shaker, the force is generated through the use 
of hydraulics, which provides much higher force levels. 
It is worth noting that applying a force excitation through the use of a shaker system is regarded as not 
particularly suitable for a lightweight structure. This is because the stinger and load cell by which the 
shaker is attached to the structure will cause mass loading issues. In addition, the way of the shaker being 
attached to the structure should be properly and carefully handled, especially in the direction of the 
measurement being carried out. This is to prevent the structure from being damaged. Another disturbing 
issue, using shaker systems in tests is that the way of the shaker being supported. The main body of the 
shaker must be isolated from the structure to prevent any reaction forces from being transmitted through 
the base of the shaker back to the structure. Lastly, the limitation of using shaker systems is the difficulty 
in adjusting the angle of shaker perpendicular to the face of the structure.  
As a result of the limitations of shaker systems, [28] developed a new method of an excitation 
technique which is called impact testing. Impact testing which offers economical ways in terms of time 
and cost has become the most popular modal testing method in the structural dynamics community. An 
impact hammer with a load cell attached to its head used to apply the impulse and to measure the input 
force. The selection of the size of an impact hammer is dependent on the size of the structure under tests. 
If the size of the structure is small, then the size of the hammer should be small as well and vice versa. 
One of the major setbacks of impact testing is that the difficulty of controlling the input force of the 
hammer. The force level excitation varies from node to node and therefore, to overcome the varying 
levels the structure should be excited at least ten times for each of the predefined measured nodes. Then, 
the average data obtained from the ten excitations is calculated. Another issue in impact testing is to make 
sure the excitation energy will cover all the measured nodes and frequency of interest during the 
experiment process. The excitation energy depends on the stiffness of the contacting surface of the 
structure. If the energy does not cover all the frequency of interest, the tip of the hammer is not suitable 
for that structure [23].  
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There are three types of hammer tips which are steel, plastic and rubber that are commonly used in 
modal testing. The harder the tip, the shorter the frequency content. In this experiment, the hammer tip 
used was a plastic type, and it can cover the frequency of interest of this study which is from 0 to 900 Hz. 
The schematic diagram of the modal testing set up using an impact hammer is shown in Figure 3. 
 
 
Figure 3: Schematic diagram of hammer excitation test set up 
 
2.4 Attachment of accelerometers 
Moreover, the location of the accelerometers attached to the structure is another factor that must be 
considered. The location cannot be far out from the nodes to minimize the error and missing modes. [29] 
introduced a new method for accelerometer placement using Generic Algorithm (GA) method. The 
method can estimate the target mode response with higher accuracy. Besides, the initial prediction from 
finite element model also can be used to decide the measuring point in the experimental modal analysis. 
All modes in the frequency range need to investigate the best accelerometers location that covers all mode 
shapes. 
Accelerometers are attached to the structure by using adhesive, stud or magnetic mount at the 
measured nodes. Petroleum wax is commonly used to mount the accelerometers because it offers quick 
measurement of vibration. The amount of petroleum wax used to mount the accelerometers also needs to 
be considered. The excessive amount of wax will affect the accuracy of the measured value and cause 
mass loading issue. Hence, the usage of wax just enough to attach the accelerometers to the structure. 
 
2.5 Frequency response function (FRF) analysis 
Frequency response function (FRF) describes the relationship between excitation input forces and 
accelerometer output data in the function of frequency [30]–[32]. The dynamic behaviour (frequency, 
damping and mode shape) of the structure is obtained from a set of FRF measurement. Firstly, the 
response measured in the experimental modal analysis is in the time domain. Fast Fourier Transform 
(FFT) is used to transform the measured time domain to the frequency domain. The equation below [33] 
shows the formula used to calculate the frequencies before plotting in the graph: 
 
 
 
Data 
Acquisition 
Computer 
Accelerometer 
Structure 
Hammer 
 (1) 
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Where:  = Frequency, = Natural frequency,  = Mode shape,  = Damping and m = Mass 
 
3. Results and Discussion 
It is important to study the natural frequencies and mode shapes of engineering structures to help 
engineers to understand and design better structures. The well-accepted method of investigating the 
dynamic behaviour of the structures is the experimental modal analysis (EMA). However, there are no 
detailed guidelines, particularly on how to measure the dynamic behaviour of a welded structure made 
from thin steel sheets via the experimental modal analysis. On that account, the aim of this research was 
to present detailed guidance on how to accurately measure the dynamic behaviour of the structure using 
the experimental modal analysis.  
Table 1 shows ten natural frequencies and corresponding model shapes of the hat-plate structure. The 
first mode is 503.832 Hz with the torsional mode shapes, and the last mode is 866.525 Hz. All modes 
have shown clearly deformation when the excitation frequency equal to the natural frequencies of the 
structure. The first three modes are shown the global bending and torsional modes while the higher 
modes tend to the complex in appearance and do not have common names. Luckily, the mode shapes do 
not have the local issues, and all modes have symmetrical movement.  
   
 
Table 1: Experimental mode shapes and natural frequencies 
Modes 
(I) 
Shape 
(II) 
Frequency 
Hz 
(III) 
1 
 
503.832 
2 
 
555.534 
3 
 
572.479 
4 
 
632.315 
5 
 
643.033 
6 
 
664.890 
7 
 
680.817 
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8 
 
753.648 
9 
 
822.702 
10 
 
866.525 
 
Figure 4 shows the frequency response function data of the hat-plate structure. The rigid body mode is 
lower and in the acceptable range which is 2.5 Hz. According to the rule of thumb, the rigid body modes 
must be less than 10 per cent of the first elastic mode. Hence, in this case, the rigid body mode was only 
0.5 per cent from the first elastic mode. All the peaks in the frequency ranges illustrate that the structure 
is lightly damped. The sharp peak means that the structure has less than 5 per cent damping and can be 
negligible [34-35] in solving the equation of motion. The FRF also revealed that the experiment was 
carried out properly with less amount of noise in the FRF. Hence, this experimental data can be used as 
reference data in the model updating method.  
 
 
Figure 4: Frequency response function of the hat-plate structure 
  
4. Conclusions 
In this paper, the experimental procedure for a laser spot welded hat-plate structure made from thin steel 
sheets are presented. The five main topics about modal testing of the hat-plate structure which are 
measurement points, selection of suspensions, methods of excitation, attachments of accelerometers and 
frequency response function analysis have been thoroughly discussed. The experimental procedure has 
been successfully used to enhance and improve the quality of the measurement of the frequency response 
function of the hat-plate structure. The measured results then can be confidently used for validation 
purposes and also model updating of the finite element model of the hat-plate structure.  
1st Colloquium on Noise, Vibration and Comfort
IOP Conf. Series: Journal of Physics: Conf. Series 1262 (2019) 012015
IOP Publishing
doi:10.1088/1742-6596/1262/1/012015
8
 
Acknowledgements  
The authors wish to acknowledge the Malaysia Ministry of Higher Education (MOHE), Research 
Management Institute (RMI) and Institute of Graduate Studies of Universiti Teknologi MARA (UiTM) 
for providing financial support for this study through the fundamental research grant scheme (FRGS) 
(600-RMI/FRGS 5/3 (0096/2016)). They would also like to extend their sincere gratitude for the support 
and help given by Mr David Starbuck and Professor Hadariah Bahron and all the SDAV members. 
 
References  
[1]  M. S. M. Zin, M. N. A. Rani, M. A. Yunus, M. S. M. Sani, W. I. I. Wan Iskandar Mirza, and A. 
A. Mat Isa, (2008). “Frequency response function (FRF) based updating of a laser spot welded 
structure”, AIP Conference Proceedings, pp. 020055. 
[2]        M. N. Abdul Rani, S. Kasolang, and M. H. Othman, (2016) “Finite Element Modelling and Modal 
Based Updating for the Dynamic Behaviour of a Laser Spot Welded Structure”, 23rd 
International Congress on Sound & Vibration (ICSV23), pp. 1-8. 
[3]  M. S. Mohd Zin, M. N. Abdul Rani, M. A. Yunus, W. I. I. Wan Iskandar Mirza, A. A. Mat Isa, 
and Z. Mohamed, (2017). “Modal and FRF Based Updating Methods for the Investigation of the 
Dynamic Behaviour of a Plate”, Journal of Mechanical Engineering, Vol. 4(3), pp. 175–189.  
[4]  A. B. Ahmad Basri, M. N. Abdul Rani, M. A. Yunus, L. Roslan, W. I. I. Wan Iskandar Mirza, 
and I. Mirza, (2017). “The investigation of dynamic behaviour of a structure using wave-based 
substructuring method”, MATEC Web of Conferences, pp. 01011.  
[5]  W. I. I. Wan Iskandar Mirza, I. Mirza, M. N. Abdul Rani, M. A. Yunus, L. Roslan, and A. B. 
Ahmad Basri, (2017). “The investigation of the dynamic behaviour of a complex assembled 
structure using the frequency response function based substructuring method”, MATEC Web of 
Conferences, pp. 01012.  
[6]  P. Avitabile, (2001). “Experimental Modal Analysis”, Sound and Vibration, pp. 1–11. 
[7]  M. J. Turner, R. W. Clough, H. C. Martin, and L. J. Topp, (1956). “Stiffness and Deflection 
Analysis of Complex Structures”, Journal of the Aeronautical Sciences, Vol. 23(9), pp. 805–823.  
[8]  S. S. Bhavikatti, (2005). “Finite Element Analysis”, New Age International (P) Limited.  
[9] M. R. Ashory, (1999). “High Quality Modal Testing Methods”, Imperial College of Science, 
Technology and Medicine London 
[10] A. S. Y. Rashid, R. Ramli, S. M. Haris, and A. Alias, (2014). “Improving the Dynamic 
Characteristics of Body-in-White Structure Using Structural Optimization”, The Scientific World 
Journal 2014, pp. 1–11.  
[11] N. A. Z. Abdullah, M. S. M. Sani, N. A. Husain, and I. Zaman, (2017). “Dynamics Properties of a 
Go-kart Chassis Structure and its Prediction Improvement using Model Updating Approach”, 
International Journal of Automotive and Mechanical Engineering (IJAME), Vol. 14(1), pp. 
3887–3897.  
[12] M. S. M. Fouzi, K. M. Jelani, N. A. Nazri and M. S. M. Sani, (2017). “Finite Element Modelling 
and Updating of Welded Thin-Walled Beam”, International Journal of Automotive and 
Mechanical Engineering (IJAME), Vol. 15(4), pp. 5874-5889. 
[13] R. Omar, M. N. A. Rani, M. A. Yunus, W. I. I. W. I. Mirza, and M. S. M. Zin, (2018). “Efficient 
finite element modelling for the investigation of the dynamic behaviour of a structure with bolted 
joints”, AIP Conference Proceedings, pp. 020082. 
[14] A. B. Ahmad Basri, M. N. Abdul Rani, M. H. Othman, W. I. I. Wan Iskandar Mirza, M. A. 
Yunus, and L. Roslan, (2016). “Experimental Investigation of Dynamic Behaviour of a Structure 
with Closely Spaced Modes”, Journal of Engineering and Applied Sciences, Vol. 11(11), pp. 
2469–2473.  
[15] R. Omar and M. N. Abdul Rani, (2017). “Finite Element Modelling and Updating for Bolted Lap 
Joints”, Journal of Mechanical Engineering, Vol. 4(3), pp. 202–222.  
1st Colloquium on Noise, Vibration and Comfort
IOP Conf. Series: Journal of Physics: Conf. Series 1262 (2019) 012015
IOP Publishing
doi:10.1088/1742-6596/1262/1/012015
9
[16] W. I. I. W. I. Mirza, M. N. A. Rani, M. A. Ayub, M. A. Yunus, R. Omar, and M. S. Mohd Zin, 
(2018). “Innovative FRF measurement technique for frequency based substructuring method”, 
AIP Conference Proceedings, pp. 020010 
[17] M. N. A. Rani, H. Ouyang and M. A Yunus, (2013). “Model Updating for a Thin Steel Sheet 
Welded Structure”, 20th International Congress on Sound and Vibration (ICSV 20), pp 1-8. 
[18] M. N. Abdul Rani, D. Stancioiu, M. A. M. A. Yunus, H. J. Ouyang, H. Deng, and S. James, 
(2011). “Model Updating for a Welded Structure Made from Thin Steel Sheets”, Applied 
Mechanics and Materials, Vol. 70, pp. 117–122. 
[19] W. I. I. W. I. Mirza, M. N. A. Rani, M. H. Othman, S. Kasolang, and M. A. Yunus, (2016). 
“Reduced order model for model updating of a jointed structure”, Journal of Engineering and 
Applied Sciences, Vol. 11(11), pp. 2383-2386.  
[20] M. Radzienski, M. Krawczuk, and M. Palacz, (2011). “Improvement of Damage Detection 
Methods Based on Experimental Modal Parameters”, Mechanical Systems and Signal Processing, 
Vol 25, pp. 2169–2190 
[21] M. A. Yunus, M. N. Abdul Rani, A. A. Mat Isa, W. M. W. Sulaiman, and R. Hassan, (2015). 
“Identification of Damage for a Thin Plate Jointed Structure”, Jurnal Teknologi, Vol 76(8), pp. 
33-37.  
[22] J. Liu, T. Shi, K. Wang, Z. Tang, and G. Liao, (2012). “Defect detection of flip-chip solder joints 
using modal analysis”, Microelectronics Reliability, Vol. 52(12), pp. 3002–3010. 
[23] W. Heylen, S. Lammens, and P. Sas, (2007). “Modal Analysis Theory and Testing”, Katholieke 
Universiteit Leuven, Faculty of Engineering, Department of Mechanical Engineering, Division of 
Production Engineering, Machine Design and Automation. 
[24] T. G. Carne and D. T. Griffith, (2007). “Support Conditions for Free Boundary-Condition Modal 
Testing”, IMAC-XXV: A Conference & Exposition on Structural Dynamics, pp. 1-13. 
[25] T. G. Carne and C. R. Dohrmann, (1997). “Support conditions, their effect on measured modal 
parameters”, Fifth International Congress on Sound and Vibration, pp. 477–483. 
[26] Z. Chen, H. Xu, Z. Zhao, X. Yan, and B. Zhao, (2016). “Investigations on the mechanical 
behavior of suspend-dome with semirigid joints”, Journal of Constructional Steel Research, Vol. 
122, pp. 14–24. 
[27] J. A. Wolf, (1984). “The Influence of Mounting Stiffness On Frequencies Measured In a 
Vibration Test”, SAE Technical Paper, pp. 840480. 
[28] N. M. M. Maia and J. M. M. Silva, (1997). “Theoretical and Experimental Modal Analysis”, 
Research Studies Press. 
[29] L. Yao, W. A. Sethares, and D. C. Kammer, (1992). “Sensor Placement for On-orbit Modal 
Identification of Large Space Structure via a Genetic Algorithm”, American Institute of 
Aeronautics and Astronautics, Vol. 14(2), pp. 332–335. 
[30] J. T. Wang, C. J. Wang, and J. P. Zhao, (2017). “Frequency response function-based model 
updating using Kriging model”, Mechanical Systems and Signal Processing; Vol. 87, pp. 218–
228. 
[31] M. Arras, (2016). “On the use of Frequency Response Functions in the finite element model 
updating”, Carleton University. 
[32] F. Shadan, D. J. Inman, and A. Esfandiari, (2016). “Experimental validation of a FRF-based 
model updating method”, Journal of Vibration and Control, pp. 1–14. 
[33] G. Reynolds, (2000). “The Fundamentals of Modal Testing”, Agilent Technologies. 
[34] V. Arora, (2014). “Structural damping identification method using normal FRFs”, International 
Journal of Solids and Structures, Vol. 51(1), pp. 133–143 
[35] H. Mevada and D. Patel, (2016). “Experimental Determination of Structural Damping of 
Different Materials”, Procedia Engineering, pp. 110–115. 
